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The paper presents a practical method to reduce device strain in the ballast prior to the discharge process (at the high voltage stage) (R2) . An ignitor for HID lamps based on forced oscillation via the interference of two voltage waves digitally synthesized (beating) is presented. The frequency and amplitude of the ignition voltage of an LC parallel resonant circuit is determined by the design of the proposed ignitor, as shown in the paper. Thus, the ignition is achieved without excessive voltage applied to the lamp.
Introduction: The ignition of discharge lamps occurs by changing the state of the gas inside the lamp bulb from non-conducting to conducting [1] . This first phase of the ignition process can be achieved only (R2/Q1) if the electrical circuit provides voltage with enough amplitude and enough duration to ionize the gas and thus, produce the electric arc between the two electrodes. Before this happens, the lamp behavior is characterized as an open circuit.
In order to initiate the discharge inside the tube, high voltage is always necessary. A high voltage is always necessary to initiate the discharge inside the tube. (R2/Q2) After that, electronic collisions increase, raising continuously the temperature of the arc, vaporizing thus (R2/Q3) , the metal and, as a consequence, increasing the gas pressure. At the end of this phase, which can last a few minutes, the pressure of the metal gas and the temperature of the arc, as well as its brightness, attain their equilibrium state [1] .
The nominal temperature and the pressure of the gas inside the tube define the voltage necessary for the beginning of a discharge. If the arc, for any reason, is extinguished after the lamp reaches equilibrium, a re-ignition would demand a much higher voltage, once since (R2/Q4) neither the pressure, nor the temperature would return to the initial condition immediately. The lamp must cool before a new ignition.
The time needed for that is known as cooling time which lasts, normally, up to a few minutes. The impossibility of immediate re-ignition of the lamp (hot re-ignition) is considered an inconvenience of high-pressure discharge lamps.
There are two ways, in at (R2/Q5) general, to obtain the ignition voltage for HID (high intensity discharge): i) an external igniting circuit which generates high voltage pulses through a transformer [2] or; ii) through a resonant circuit operating in at (R2/Q5) high frequency.
The ignition method will depend on the characteristics of the ballast being used. For lamps driven by high frequency inverters, the resonant circuit is the method normally applied. For lamps, driven in at (R2/Q5) low frequency through conventional or electronic ballasts, an external ignition circuit providing high voltage pulses is more interesting since, if the resonance circuit was to be used in this case, it would be necessary to operate it in two different frequencies, i.e., high frequency for the ignition and low frequency for the steady-state operation of the electronic ballast.
The present paper proposes an ignitor based on forced oscillation of the (R2/Q6) voltage lamp via the interference of two voltage waves resulting in a beating oscillation with designed amplitude and period.
Furthermore, by selecting appropriately its passive elements (capacitor and inductor) both maximum voltage amplitude of the lobe and its period can be imposed as a design characteristic.
Study of ignition circuits: A study of the ignition circuits most applied and reported in literature will be presented in this section. As it was (R2/Q7) mentioned in the introduction, there are basically two ways, in general, to obtain the ignition voltage for HID lamps. This is illustrated in Fig. 1 , where Fig.1(a) depicts an external ignition circuit, usually using transformers to inject high voltage pulses in the lamp, and Fig.1(b) shows a resonant ignitor operating in high frequency.
Regarding a HF operation of the lamp the ignitor impedance cannot be neglected during the lamp operation. Designing the ignition circuit separate from the rest of the electronic ballast is not suitable.
The pulse ignition as well as the preferred implementation of the resonance ignition behaves behave like an inductive element during the lamp operation and problems arise approaching high frequencies.
It was shown that extending the resonance ignition to the transformer resonance ignition leads to even 3 more severe problems regarding a HF operation. Only DC ignition benefits from an increasing operation frequency but frequencies in the MHz-range are needed due to other limitations [2] .
The circuit shown in Fig. 2(a) has the following operation behavior: as the circuit is turned on, the lamp is off and its impedance is very high. Thus, the voltage provided by the inverter is entirely applied to the lamp. This voltage, rectified by D 1 , feeds the lamp (open circuit) in parallel with C 2 in series with
Then, the voltage in C 2 increases and reaches the spark gap rupture voltage and the energy stored in C 2 flows through the transformer, generating a high voltage through L 1 . When ignition occurs, the voltage in the lamp became becames much smaller avoiding the voltage in C 2 to reach the spark gap rupture voltage for a second time. If the lamp, for some reason, does not ignite, capacitor C 2 then reaches the rupture value again, repeating the process until either, the converter is turned off, or the lamp goes through ignition successfully [3] .
The ignition circuit, shown in Fig. 2(b) , is quite similar to that discussed in the previous paragraph.
Its operation can be resumed as follows: when the voltage in C 3 reaches the SIDAC rupture value, C 3 discharges itself through the auxiliary coil of L 1 . The increase of the voltage through L 1 provides the initial pulse for the lamp. Once again, after the lamp is ignited, the voltage in C 3 decreases and becomes insufficient to cause another rupture of the SIDAC and thus, no more ignition pulses are applied to the lamp [3] . A comparison between these two different circuits, using basically the same principle, can be done as follows [3] : the ignition circuit using the spark gap generates the ignition current through a very simple auxiliary circuit which is very easy to operate and the circuit using the SIDAC needs more components in the auxiliary circuit. Nevertheless, it is cheaper than the one based on spark gap. On the other hand, this circuit uses a separate coil.
An ignition circuit using an auxiliary capacitor is shown in Fig. 2(c) . This small capacitor is connected to the tap of the main inductor in order to ignite the lamp. When the lamp is off, the inductor acts as an autotransformer producing thus, the necessary ignition voltage.
When compared to the first method described here, this one seems to be simpler. Although, one must be aware of the parasitic inductances and capacitances which can absorb part of the ignition voltage pulses. Depending on the switching frequency used it may be necessary to use a toroidal core for the inductance which will definitely increase the cost as compared to E-type cores used in the first circuit example described above.
An LCC filter can be used as an ignition circuit. Fig. 2(d) shows an example of such circuit which will be discussed in detail in Section The proposed ignition circuit. This circuit is commonly used to used for (R2/Q8) the ignition of fluorescent lamps. It presents two features: one, is filtering the lamp current and the other is providing the high voltage necessary to the lamp ignition. In this case, the ignition voltage is lower than in the previous ones. This happens due to the higher frequency of the voltage pulses and to the output characteristic of the filter. The main disadvantage of this method, as pointed out in [3] , is the required capacitance in parallel with the lamp, which practically implies in the use of several capacitors in parallel. Also, since a resonance type circuit provides the high voltage to the ignition, there are very high currents circulating through the switches during ignition.
The ignition circuit shown in Fig. 2 (e) is composed by passive elements R ig , C ig , switches D ig , T yig , transformer T ig and by the control circuit of the thyristor gate. The thyristor T yig is fired by a pulse, then C ig discharges in a resonant way through the path C ig -D ig -T yig -T ig . When the current in this circuit reaches zero, the ultra-fast diode D ig blocks the current in the opposite direction. Then, C ig recharges through R ig . By using an appropriate transformation ratio in T ig , it is possible to impose, during the conduction time of T yig , a high voltage pulse on the lamp [5] . The main drawbacks of this circuit are a complex transformer design, the need of a fast diode and special care with the control of the switches to avoid overvoltage.
The ignition circuit presented in [6] , shown in Fig. 2(f) , is based on the change of the resonance frequency of the LCC filter through switches S 1 and S 2 thus, keeping constant the operation frequency of the inverter. It also operates in resonance and has two switches commuting inductors and capacitors.
The idea behind the transformer resonance ignition is to combine the advantages of resonance ignition and Pulse Ignition [8] . A high voltage is easily attained by a resonance ignition which is further increased by the use of a transformer [2] . A piezoelectric transformer [9] within high voltage DC source has been proposed leading to miniaturization of the ignitor [10] .
The proposed ignition circuit: The proposed ignition circuit is based in based on (R2/Q9) a parallel resonant circuit. The parallel resonant circuit is excited with an external periodic voltage square wave through an inverter. This voltage has an amplitude V inv and a frequency f ign which is close to the resonance frequency of the circuit, as shown in Fig. 3 . The time response of the voltage waveform in this type of circuit is of the lobular form. The analysis of this phenomenon, as will be done later on, allows the determination of the necessary ignition frequency, f ign , and the external square wave amplitude, V inv , in order to have voltage lobes in the lamp with pre-specified amplitude and duration. The lobe amplitude is determined from the standard ignition voltage of the lamp. The lobe duration is a consequence of the pre-specified number of ignition trials. (R1/Q2) An interesting feature of this method is characterized by the insertion of a second capacitor, C ss , in parallel with the ignition capacitor, C ign . C ss serves for the steady-state operation of the lamp avoiding thus, the need of a higher value capacitor able to support the entire ignition voltage. In the present case, these capacitors are C ss = 100nF and C ign = 5nF .
The ignition circuit proposed, using either the parallel or the series-parallel resonance operates as follows: after the time necessary for the ignition, the frequency is switched for the designed value of the ballast steady-state operation. Also, the steady-state operation capacitor, C ss , is inserted through switch S ign , only. C ign , has to bear the ignition voltage of the lamp. The ignition pulse duration, t ign , is determined by the period for reaching the maximum value of the forced oscillating voltage [7] .
The proposed ignition circuit presents present some advantages with respect to those presented in [4] and [6] . The filter capacitor does not have to bear the ignition voltage as in [4] whereas, when compared with the circuit in [6] , only one switch is needed and it commutes only a capacitor.
The series resonant circuit is described by (1), presents an output voltage, which is at most equal to the input voltage, when in resonance. This fact excludes this circuit as a candidate to the ignition.
Therefor, the ones capable of yielding voltages needed for the ignition of HID lamps are the parallel and the series-parallel resonant circuits due to their characteristic of high relative output voltage with respect to the input, when in resonance. The analytical formulations of these circuits response these circuits responses (R2/Q10) are given by (2) and (3).
Table I below shows the quality factor Q and the natural frequency for each of the resonant circuits described. 
Notice also that in the parallel resonant circuit before the ignition, Q → ∞, because the lamp equivalent because the lamp is equivalent to (R2/Q11) resistance R → ∞. This can be analytically deduced deduced analytically (R2/Q12) from (2). As for the series-resonant circuit, the output/input voltage ratio becomes greater than one when Q < 1. Before the ignition, R → ∞ which implies, for this circuit, that Q → 0, as can be deduced from (3). Figure 4 presents the frequency response of the resonant LC parallel circuit.
Analytical model of the circuit: The parallel resonant LC circuit was chosen in order to build the ignition circuit of the proposed approach. A periodic external square wave voltage (input voltage) with amplitude V inv is supplied by the inverter and applied to the parallel LC resonant circuit with a frequency ω ign , very close to the natural frequency ω 0 of the circuit. In terms of the analysis of the lamp (output)
voltage, this input voltage can be approximated to a sinusoidal voltage wave of the same frequency ω ign , due to the fact that the harmonics of the square wave, multiple of the fundamental frequency, ω ign , will be strongly attenuated by the resonant filter.
Previous to the ignition, the lamp equivalent resistance is very high and the resonant circuit is considered in our analysis to be non dissipative, i.e., pure inductive and capacitive. Therefore, a sinusoidal voltage signal applied to this parallel resonant circuit will result, as an output voltage in the lamp, v ign :
Note
. The gain G inv depends on the topology of the inverter used, given as:
• full bridge inverter:
• half bridge inverter:
Given the mathematical identity: cos(A ± B) and with A = , (4) can be written as:
As in acoustics, a beat is an interference between two slightly different frequencies, perceived as periodic variations in amplitude (volume) whose rate is the difference between the two frequencies. The amplitude varies as the frequencies alternatively interfere constructively and destructively. When the two frequencies gradually approach, the beating slows down and disappears, giving way to full-bodied resonance.
It can be proven that the successive values of maxima and minima form a wave whose frequency equals the difference between the two starting waves. Let's demonstrate the simplest case, between two cosine waves of equal amplitude:
t) excluded
If the two starting frequencies are quite close (usually differences of the order of few hertz), the frequency of the sine of the right side of the expression above, that is
, is too slow to be perceived as a pitch.
Instead, it is perceived as a periodic variation of the sine in the expression above (it can be said, the cosine factor is an envelope for the sine wave), whose frequency is
, that is, the average of the two frequencies. In this way, the equations for forced oscillation is obtained are obtained (R2/Q13) :
where:
with: ω 0 -Natural (or resonant) frequency of the circuit and ω ign -Ignition frequency.
Equation (7) describes the maximum ignition voltage amplitude, V ign , which represents the beating and Equation (6) describes the modelling function, s mod , of the voltage signal.
The ignition voltage amplitude,V ign , can be given as a function of the inverter gain, G inv and the desired voltage gain, designed in order to obtain the ignition voltage, G ign , as:
The gain G mod in (7) is equal to 0.5 due to the amplitude modulation of the signals.
The procedure for designing the ignition circuit is the following:
1) The maximum voltage ignition, V ign , is chosen and the gain G ign , expressed in dB, is calculated in order to achieve the desired V ign , as:
2) The ignition frequency, ω ign , is determined by the frequency response of the parallel LC inverter ,
given by:
where Q and ω 0 are obtained according to the correspondent corresponding (R2/Q13) equations in Table I .
ω ign is the frequency with which the inverter shall operate until the opening of the arc.
The ignition gain, expressed as a function of the ignition frequency, obtained from (8), is given as:
Simulation results: Applying the proposed method, using an LC parallel resonant circuit, with the voltage fed to the inverter, V DC = 120V and the ignition voltage, V ign = 2, 900V , following the IEC norm (2, 775V + / − 25) (R2/Q16) , V ign = 2, 800V , following the IEC Standard (2, 775V + / − 25V ) and NBR 13593 and NBR 14305 (2, 800V -4, 500V ) (R2/Q16) we obtain:
• G ign = 19.55 dB; G ign = 19.24 dB;
• Ignition frequency, f ign = 73, 770Hz; Ignition frequency, f ign = 73, 610Hz;
• Ignition pulse duration, t ign = 122µs. Ignition pulse duration, t ign = 110µs (5) and (6), for L = 840µH and C = 5nF . Notice that the ignition voltage has a frequency, f ign = 73, 610Hz and its amplitude is V ign = 2, 800V .
One of the main advantages of using an ignition circuit which forces the oscillation of the lamp voltage is the inherent limitation of current and voltage on the ballast components, diminishing their stress. This is due to the fact that the ignition occurs in a natural way, as the voltage reaches the necessary amplitude for that particular lamp. There is no need for the nominal voltage constantly applied to the lamp as in regular resonant ignitors. This is even more important in the case where were the ignition does not occur.
In this case, the lamp voltage is reduced before a new ignition attempt which correspond corresponds (R2/Q17) to a new voltage lobe. Figure 6 shows the waveforms of the ignition voltage with both, the forced oscillation frequency and the resonant frequency of the LC circuit, obtained in simulation. Experimental results: For the experimental test of the proposed technique an electronic ballast was implemented, using the proposed ignition circuit to supply the following 150W lamps:
• GE Lucalox LU150/100/D/40;
• OSRAM VIALOX NAV-E 4Y;
• PHILIPS SON PRO.
The ignition circuit is easily implemented using a timer to drive the switch, which inserters the steady state capacitor. Another interesting feature of this circuit circuits is the simple method to adjust the ignition period. The ignition pulse duration as well as the switching pulses for the full bridge inverter are driven by a microcontroller.
For the designed values of L = 840µH and C ig =5nF/3.2kV , the calculated ignition frequency, and this circuit can apply pulses of until 2, 800V of amplitude. It is worth mentioning that the waveform corresponding to the OSRAM VIALOX NAV-E 4Y lamp was omitted due to the similarity to the two waveforms shown in Fig. 8 .
In order to verify if the desired peak of the ignition voltage is attained, the ignition circuit was applied to a resistive load. Figure 9 shows the waveform of the voltage applied to a resistive load of 1M Ω, reproducing thus, the open circuit of the lamp previously to the ignition. It can be observed that the designed ignition voltage of 2, 800V , for a switching frequency of 73, 610Hz, is definitively achieved.
Conclusion: The ignition circuit proposed and studied in this paper has shown, through experimental results, the capability of producing the necessary voltage amplitude for the ignition of the lamp.
The voltage amplitude on the lamp during ignition has a modulated form, which allows its soft ignition where the rupture voltage results exclusively from the lamp characteristic at this moment. It is quite known that, as the lamp ages, the voltage amplitude for the ignition increases. The proposed method deals with this issue inherently. As the supply voltage increases in the lobe, the rupture will occur when it reaches the amplitude required for the lamp.
Another interesting feature of this approach, responsible for the soft ignition characteristic of the method, is that, if the ignition doesn't occur during the first lobe, the voltage will diminish to zero and another voltage lobe will start for another ignition attempt. This preserves the lamp and the ignition circuit components of unnecessary stress.
It can be seen from Figures and , the experimental tests agree with simulation in both time and amplitude scales. Notice also that the maximum voltage amplitude of the ignitor, when supplying a resistent resistive (R2/Q19) load, is 2, 800V , which corresponds to the designed value.
The experimental validation of the method was done for different types of lamps from different manufacturers. This approach can easily be extended for the LCC series-parallel resonant circuit. 
